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The program whose status is described in this report is being 

performed for NASA, Marshall Space Flight Center, Astrionics Laboratory, 

for the purpose of delineating the effects of ionizing radiation on 

transistor surfaces. 

the mechanisms producing the effects, establishing models which describe 

the physical phenomena, developing nondestructive screening techniques 

which enable separating transistors with good immunity to 7-adL:.t i. ~. 

surface effects from those with poor immunity, and evaluating which, if 

any, surface treatments or manufacturing processes lead to a minimum of 
ionizing radiation surface effects. 

The work involves identifying and characterizing 

The experimental portion of the program is conducted with 130 I tV 

X-rays as the source of ionizing radiation, This radiation source is 

energetic enough to penetrate the transistor can and produce surface 

ionization, but not energetic enough to produce bulk transistor damage 

which would unduly complicate the results by combining surface and 

bulk damage, 

which accentuates the phenomena, and various bias conditions which 

serve to enhance or suppress the different mechanisms. 

Extensive use is made of low current surface behavior 

Phase I of the program>- s devoted to studying a single transistor 

type under a variety of conditions for the purpose of identifying the 

mechanisms, establishing the models and understanding surface behavior 

under thermal, electrical or ionizing radiation stresses. Phase I1 
involves the evaluation of a variety of transistors with different 
surface treatments, construction techniques and manufacturing processes, 

Results of this evaluation coupled with Phase I results will lead to 
recommendations for screening techniques and for device construction 

to minimize surface radiation effects, 

iii 
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SECTION 1 

INTRODUCTION AM) SUMMARY 

A Phase I vacuum-irradiation t e s t  and s i x  Phase I1 tests were 

performed during the  fou r th  quarter. 

s t r e s s e s  on t r a n s i s t o r s  i n  vacuum were compared with t h e  e f f e c t s  f o r  

i d e n t i c a l  s t r e s s e s  i n  t h e  normal nitrogen ambient. L i t t l e  d i f fe rence  

was detected i n  unbiased and forward biased t r a n s i s t o r s  i r r a d i a t e d  i n  

both dry nitrogen and vacuum. I n  nitrogen, reverse co l lec ts r -base  bias 

caused extensive channeling i n  both junctions,  with consequent l a r g e  

%E and I 

base reverse bias exhib i ted  considerably less %E and Im0 degradation. 

The improvement i n  vacuum occurred e a r l y  i n  t h e  i r r a d i a t i o n  period where 

channeling i s  dominant i n  n-p-n devices, which ind ica t e s  t h a t  evacuation 

r e s u l t s  i n  a reduction of t h e  channel component. Damage c h a r a c t e r i s t i c s  

a f te r  l a r g e  doses where surface space charge region recombination- 

generation was dominant, tended toward independence of e i t h e r  nitrogen 

The e f f e c t s  of b ias - rad ia t ion  

degradation. Devices i r r a d i a t e d  i n  a vacuum with c o l l e c t o r -  
CBO 

o r  vacuum. 

Analysis of Phase I1 t e s t s  indicated t h a t  %E i s  mare vulnerable  
t o  channeling i n  p-n-p devices than i n  n-p-n's, s ince  t h e  channel i n  

p-n-p devices i s  re ta ined  a f t e r  la rge  doses (unl ike  n-p-n ' s ) .  While 

damage buildup a f t e r  l a r g e  doses w a s  l a r g e  i n  p-n-p devices com- 

was not s i g n i f i c a n t l y  higher i n  e i t h e r  p-n-p * s 'CBO pared with n -p -n ' s , 
o r  n-p-n's. 

-dks@=z 
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SECTION 2 

FOURTH QUARTER TESTS 

The vacuum tes t  i n i t i a t e d  i n  the last qua r t e r  was completed during 

t h i s  period, thereby concluding t h e  Phase I t a sks  of t h e  cont rac t .  

Fourteen tests a r e  scheduled t o  f u l f i l l  Phase I1 of t h e  cont rac t ,  s i x  

of which were accomplished during the fou r th  quarter. 

2 . 1  PHASE I, TEST 11--VACUUM TEST 

The purpose of t h i s  t e s t  w a s  t o  i nves t iga t e  the surface damage 

buildup c h a r a c t e r i s t i c s  of oxide passivated p lanar  t r a n s i s t o r s  subjected 

t o  various b ias - rad ia t ion  stresses i n  a vacuum. 

ambient i n  which t r a n s i s t o r s  are fabr ica ted ,  and t h e  subsequent depo- 

s i t i o n  of p o s i t i v e  charge on t h e  oxide surface of p lanar  t r a n s i s t o r s  i s  

held accountable f o r  t he  inversion of p mater ia l  beneath t h e  oxide and 

t h e  eventual channeling of t h e  emitter-base and collector-base junctions.  

Ion iza t ion  of t h e  gas 

damage %E and 'CBO A decrease i n  channeling and hence a lessening  of 

buildup i n  t r a n s i s t o r s  w a s  expected as a result of removing t h e  ges 

ambient (by enclosing t h e  t r a n s i s t o r s  i n  evacuated envelopes) and sub- 

j e c t i n g  these  devices t o  the  same bias - rad ia t ion  stresses t h a t  were 

appl ied  i n  the  nitrogen a r b i e n t .  

A p i l o t  t es t  w a s  performed on a s ing le  2~1613 t r a n s i s t o r  by removing 

t h e  top  of t he  can and mounting t h e  t r a n s i s t o r  i n  a Kovar and g l a s s  

envelope, shown i n  Figure 1, which was then evacuated t o  about 10 

Tor r  a t  23'C. Three b i a s - r a d i a t l x i  s t recc  print? w e r e  a l t e rna ted  

wi th  high-temperature recovery periods.  k bias of V = +12 V w a s  

used during t h e  first two b ias - rad ia t ion  periods,  and the  device w a s  

i r r a d i a t e d  pass ive ly  during the  t h i r d  r ad ia t ion  s t r e s s  period. 

vs dose c h a r a c t e r i s t i c s  appeared very similar f o r  a l l  t h r e e  t es t  

cyc le s  desp i t e  t h e  passive i r r a d i a t i o n  during the  t h i r d  cycle.  

-10 
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F i g u r e  1 - Ul t rah igh  Vacuum Envelopes for I r r a d i a t i n g  T r a n s i s t o r s  

Since no problems w e r e  encountered during t h e  p i l o t  i n v e s t i g a t l x ,  

e i g h t  a d d i t i o n a l  2~1613 t r a n s i s t o r s  were sealed i n  envelopes a t  a 
-8 vacuum on t h e  o r d e r  of 2 t o  3 x 10  Torr .  Table 1 summarizes t h e  

? t i r e s  41ir ivE i r r e d i a t L o n  f5r t h e  t e s t .  Four of t h e  v a ~ u u ~  envelopes 

were opened a f te r  t h e  Cirst  t n r e e  c y c l e s ,  and two a d d i t i o n a l  t e s t  

c y c l e s  were performed (with h z i f  of  t h e  devices  i n  a i r  and t h e  g t h e r  
h- 11a-f 1 I n  vacuu7). 



Cycle 1 

Pass ive  

Pass ive  

Pass ive  

Pass ive  

Pass ive  

Pass ive  

Pass ive  

Pass ive  

- 
Device 
No. 

10 

25  

36 

40  

30 

33 

7 

29 

h 

Cycle 2 

V E B  = t 3 v  

v = t 3 V  

v = t l 2 V  

v = t 1 2 v  

I = 8 m A .  I = 2 m A  

I = 8 m A .  I = 2 m A  

V = t6V, IC = lOmA 

V = t6V, I = l @ m A  

E B  

CB 

CB 

C B 

C B 

CB 

CB C 

RESEARCH LMORATORIES DIVISION I 

Table 1 - Vacuum-Irradiation Test for Phase I 

Bias  Conditions During I r rad ia t ion  

Cycle 3 

V = t 6 V  

V C B  = t 6 V  

V C B  = + 50V 

V = +5OV 

C B. 

CB 
IB = lOmA, I = 0 

IB = 10mA. I = 0 

IB = 10mA. I = 0 

I = 1 0 m A , I  = @  

C 

C 

C 

B C 
- 

This  device was  in a i r  ambient during this t e s t  cycle 

Cycle 4 

V C B  = t 6 V *  

Pass ive  

v CB = t 1 2 v *  

Pass ive  

IB = lOmA, I C = On 

Pass ive  

V CB = + 6 V ,  IC = IOmA' 

Pass ive  

Cycle 5 

Pass ive*  

Pass ive  

Pass ive*  

Pass ive  

Pass ive  

Pass ive  

Pass ive  

Pass ive  

* 

* 

The expected extreme changes i n  damage buildup d id  not  mater ia l ize ,  

s ince  channels s t i l l  occurred i n  the evacuated devices  subjected t o  

b ias - rad ia t ion  stresses. Damage buildup i n  passive and forward biased 

devices  i n  vacuum w a s  similar t o  t h a t  i n  ni t rogen ambient. 

The most prominent r e s u l t ,  however, w a s  t h a t  vacuum appeared t o  

i n h i b i t  damage buildup i n  devices i r r a d i a t e d  with reverse  biased 

junc t ions .  T rans i s to r s  having ac t ive  biases, 2.K 'J  

VCm= 6 V and V 

kase channels, which s ign i f i can t ly  reduced the  damage buildup rate 

e a r l y  i n  t h e  i r r a d i a t i o n  per iods (low rad ia t ion  doses) .  

%E anci I doses,  induced 

pendent of t h e  ni t rogen and vacuum ambient. The p l o t s  of t he  two t r a n -  

s i s t o r s  i n  Figure 2 demonstrate these c h a r a c t e r i s t i c s .  Device 35 was 

se l ec t ed  for i l l u s t r a t i v e  purposes because af i t s  r e l a t i v e l y  good 

to l e rance  t o  r ad ia t ion ,  and Device 40 because - f  i t s  considerable 

s e n s i t i v i t y .  Although damage i s  s t i l l  induced i n  both devices,  t h e  

= I 2  I,' , CBO 
= 3 V, exhibited smaller col lector-base and emitter- 

EBC, 

A f t e r  l a r g e  

cial1i5ge b u i l 2 - q  c h z r z c t e r i s t . F c s  w e r e  inde-  CBO 

4 



lo4 lo6 10' 

RESEARCH U6OIAlORlES DIVISION 

l b l  

lo8 

*CBO 

Q, - roentgens 

Figure 2 - l/hFE and ICBO Versus  bose for Normal and 
Kvacuatea h b i e n i s  "11 B e v i ~ e e  36 a=:! 41! 

$E and I reduct ion  of 

l o w  doses. 

doses may also be observed i n  the  f i g u r e .  

damage buildup r a t e  i s  c l e a r l y  evident a t  CBO 
The independence of the damage t o  the  ambient a t  l a r g e  

5 
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Other observations, no t  w e l l  understood a t  t h i s  t i m e ,  r equi re  

add i t iona l  ana lys i s .  A discrepancy was observed i n  slope cons tan ts  n 
and channel capacitances i n  passively i r r a d i a t e d  t r a n s i s t o r s .  Those 

t r a n s i s t o r s  that were s t r e s sed  i n  a i r  following stresses w i t h  t h e  same 

reverse  b i a s  conditions used i n  nitrogen and vacuum ambients provided 

r e s u l t s  t h a t  requi re  f u r t h e r  study. Damage induced i n  air ,  although 

g r e a t e r  than that induced i n  vacuum, was considerably less than that 

induced i n  nitrogen, i nd ica t ing  that t h e  p r i o r  vacuum i r r a d i a t i o n  was 

e f f e c t i v e  i n  reducing some contribution t o  the damage. 

2 .2  PHASE I1 TESTS 

-. ;I:: Phase I1 tests were accomplished using the same general  test  

procedure described i n  Section 4 of the Third Quar t e r ly  Report. 

co l lec tor -base  junctions of a l l  test  devices w e r e  reverse biased a t  

1 2  V and i r r a d i a t e d  a t  @ 
became evident,  usua l ly  by means of capacitance measurements. Some- 

t i m e s  capacitance changes were too small t o  d e t e c t  by measurement even 

though channels w e r e  formed. I n  those cases, i r r a d i a t i o n  was continued 

f o r  30 t o  45 !nii:utes and data we;-e recorded t o  provide an e a r l y  data 

p o i n t .  The i r r a d i a t i o n  rate was then increased t o  4 A 5 x 10 

u n t i l  the  r a t e  of damage buildup was very small (after about 10 t o  16 
hour s ) .  

stresses separated by a high temperature recovery period. 

The 

5 1.67 x 10 R / h r  u n t i l  channel formation 

5 R/hr 

The tests consisted of two per iods  of i d e n t i c a l  b i a s - r ad ia t ion  

%’Ey %BO’ 
and reverse junction V - I  da t a  were recorded during each ‘CB, ‘EBJ 

r a d i a t i o n  stress period as follows: p r i o r  t o  i r r a d i a t i o n ,  after channels 

had been induced (o r  a t  an e a r l y  i r r a d i a t i o n  p o i n t ) ,  and after a l a r g e  

dose ( $ > 5  x 10 R ) .  Table 2 summarizes t h e  devices t e s t e d  i n  t h e  six 

tes ts .  

junc t ion  capacitance vs dose f o r  each tes t  cycle t o  % i n  i c a t e  t he  spread 

among the tes t  devices a t  each data po in t  and the  r e p e a t a b i l i t y  of 

6 

and 1 
%BO The preliminary ana lys i s  consisted of p l o t t i n g  -, 

6 
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Table 2 - Phase I1 T e s t s  

I 

I 
I 
I -  

Test  

11- 1 

11- 2 

11- 3 

11-4 

11- 5 

iI- 6 

Subject 
Transistor 

2N1613 

2N2222 

2N2219A 

2N2905 

2N2222 

2N1.132 

Mfr. 

FSD 

Mota 

Mota 

Mota 

FSD 

TI 

Device Type 

High frequency, n-p-n . 

High frequency, n-p-n, 
with annular ring 

High frequency, n-p-n, some 
modified with metallization 
over em it te r - base junction 

High frequency, p-n-p 

High frequency, n-p-n, 
without annular ring 

High frequency, p-n-p. 
with field plate 

device surface damage. Those devices with damage behavior s i g n i f i c a n t l y  

g r e a t e r  o r  l e s s  than the  o thers  were e a s i l y  iden t i f i ed .  

and I vs dose p l o t s  f o r  of t h e  da t a  obtained, Figure 3 shows - 
seven of t h e  2N1613s t e s t ed  i n  Tes t  11-1 f o r  two cycles. 

s tands  out as an example of a device with poor surface c h a r a c t e r i s t i c s  

s ince  it deve1oI:s considerably more I 

Note, however, t h a t  before both t e s t  cycles,  i n i t i a l  %E and I 

va lues  f o r  Device 40 were not  s i g n i f i c a n t l y  d i f f e r e n t  from o the r s  i n  

t h e  group. 

A s  an  example 

CBO ~ F E  
Trans is tor  40 

and $E damage than o the r s .  CBO 
CBO 

Damage da ta  f o r  groups of devices ind ica t e  good r e p e a t a b i l i t y  of 

damage response with dose i n  sequential  damage cycles followed by 

removal cycles. For any p a r t i c u l a r  device, absolute r e p e a t a b i l i t y  may 

not  be apparent because damage buildup i s  f requent ly  less i n  the  second 

t e s t  cycle than i n  t h e  f irst ,  i .e . ,  recovery o f t en  produces charac te r -  

i s t i c s  b e t t e r  than those of t h e  o r ig ina l  devices. 

a n a l y s i s  technique t h a t  would normalize damage may be des i r ab le  so t h a t  

a more understandable and r e a l i s t i c  comparison of the  two tes t  cyc les  

can be made. 

Development of an 

7 
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Slope constants,  n, were a l s o  obtained and analyzed t o  provide an 

indicat ion of the  type of damage mechanism, e.g., low-dose channel 

component, high-dose recombination-generation component, e t c .  Table 3 
is  a l i s t i n g  of a representat ive sample of n-p-n and p-n-p t r a n s i s t o r  

slope constants for low and high doses f o r  each of two cycles. Values 

of n grea te r  than 2 ind ica te  a channel component of damage, while 

values near 2 general ly  ind ica te  a recombination-generation component 

of damage. 

Analysis of t he  Phase I1 tests shows t h a t  damage cha rac t e r i s t i c s  

var ied among the  various device types subjected t o  the  same b ias - rad ia t ion  

stresses. 

t r a n s i s t o r s  i n t o  two groups: 

t e s t e d  i n  t h i s  program reacted t o  reverse bias (12 V collector-base 

junct ion b i a s )  - radiat ion stress by developing channels a t  low doses, 

which receded as the  dose increased. Contrar i ly ,  p-n-p devices, although 

designed with meta l l ic  f i e l d  p l a t e s ,  semiconductor guard r ings,  e tc . ,  

i n  attempts t o  i n h i b i t  channeling, developed channels e a r l y  i n  rad ia t ion  

which became increasingly la rge  as rad ia t ion  increased, These con- 

c lus ions  a r e  supported by the  slope constant  data  i n  Table 3. 

The s a l i e n t  cha rac t e r i s t i c  d i f fe rences  immediately categorized 

n-p-n and p-n-p. All of t h e  n-p-n devices 

The observation t h a t  channeling did not decrease a t  l a rge  doses i n  

p-n-p t r a n s i s t o r s  i s  explained by the damage model proposed i n  the  Second 

and Third Quarterly reports .  In n-p-n devices, photoemission of e lec t rons  

from the  channel i n  the  p base region i n t o  the  oxide l aye r  resu l ted  i n  a 

channel recession. For the  p-n-p device, however, photoemission apparently 

d id  not  take  place and the  channels increased with increased radiat ion.  

more complete discussion of t h i s  mechanism w i l l  'ut: pi-esenkd In  th2 f i r ? E l  

repor t .  Additional discussion on the subject  i s  a l s o  presented i n  the  

sec t ion  on Model Discussion i n  Appendix A. 

A 

Capacitance da ta  appear t o  subs tan t ia te  the  d i f fe rence  i n  channel 

growth and recession between n-p-n and p-n-p t r ans i s to r s .  For n-p-n 

t r a n s i s t o r s ,  CCB increases  and reaches a 

($ < 10 R ) ,  a f t e r  which it decreases t o  
Buildup of CEB usua l ly  l ags  t h a t  of CCB, 

5 - 
m a x i m u m  a t  low dose l e v e l s  

near i t s  o r i g i n a l  value. 

and changes are not  near ly  as 

9 
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Table 3. Slope Constants for n-p-n and p-n-p 
Devices as a Function of Dose 

A B 
Cycle 1 Cycle 2 
n n n n 

Trans i s to r  Small Dose Large Dose Small Dose Large Dose 

2~2219~ 
Mota 

2N2222 
Mota 

ZN2222 
FSD 

TK 1 1 3 
F SD 

2~1132 
T I  

2N2905 
Mota 

1" 
2* 
4* 
6* 
7 
8 
10 
3 
4 
7 
9 
13 
13 
22 
23 
39 
43 
46 
47 

2 
3 
7 
8 
10 
1 
2 
3 
4 
5 

2.06 
3.1 
1-99 
2 -01 
5.14 
3.54 
2.48 
2.71 
2.89 
2 -13 
2.98 
2-38 
2.65 
2.3 
1-99 
2 -0  
2 -33 
2.6 
2 -19 

2.3 
1.98 
2 -08 
2 -02 
1.9 
2.26 
2.14 
2.31 
2 -08 
2 -21 

1.9 
2. .86 
1.94 
1.86 
1.97 
2.34 
2.22 
1.96 
1-99 
1-97 
1.99 
2.02 
1-93 
1.97 
1-97 
1-95 
2.12 
2.02 
2 -02 

2 -44 
2-27 
2 -17 
2-41 
2.34 
2 *7 
2 -55 
2 -78 
2 -59 
2 -6 

2.07 
2.18 
1-97 
2.13 
4.51 
2-10 
2.72 
2-31 
3.12 
2 -18 

2 -83 
2 -62 
2 -01 
2 -16 
2.26 
3.43 
2 035 

5-42 
3-17 

2.1 
1.74 
2-34 
2-28 
2 -08 
2 -06 
2 -06 
2 -07 
1.97 
2 -04 

1-93 
1.91 
1.88 
1-91 
2 *37 
1.94 
1.92 
1.94 
2.01 
1.98 
1-98 
2.06 
1-97 
2 -0 
1-97 
1-96 
2-01 
1-98 
2 -07 

2-42 
2-13 
2-35 
2.42 
2 -27 
2 -49 
2 -45 - F7 
L - V I  

2-51 
2-34 

n - p n  

P-*P 

*This i s  a s p e c i a l l y  prepared device with meta l l iza t ion  over t h e  
emitter-base junc t ion .  

10 
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a l s o  tends t o  reach a m a x i m u m  a f te r  which CB* ‘EB l a r g e  as those of C 

it decreases t o  near normal as shown i n  Figure 4b. 

changes i n  C 

remains constant o r  s l i g h t l y  increases i n  t h e  p-n-p devices, i nd ica t ing  

a poss ib le  continuation of channel growth. The reason t h e  increas ing  

emitter-base channel i s  not c l e a r l y  r e f l e c t e d  i n  C changes i n  p-n-p 

devices i s  because t h e  instrumentation reso lu t ion  i s  not adequate t o  

permit de tec t ion  of small capacitance changes. 

t h a t  while changes i n  capecitance were an e f f e c t i v e  t o o l  f o r  monitoring 

channel buildup and decay i n  some devices, ( p a r t i c u l a r l y  the  F a i r c h i l d  

2~1613 which displayed CCB increasesas high as 600 percent and C 

i nc reases  as high as 400 pe rcen t ) ,  device geometry and channel charac te r -  

i s t i c s  of o the r  devices tend t o  preclude t h e  exclusive use 02 capaci- 

t ance  t o  de t ec t  channels because of r e l a t i v e l y  small capacitance changes 

and l i m i t a t i o n s  i n  the reso lu t ion  of the instrumentation. 

For p-n-p devices,  

‘EB are similar t o  those observed f o r  n-p-n; hawever, CB 

EB 

It appears, t he re fo re ,  

EB 

Generally, considering theii-  shapes, p l o t s  of Junction 

capacitance and slope c m s i a n t  n -,: :SY.S 5 (7igv -.A ‘, c?n bc? 

co r re l a t ed  with increases  and decreases i n  n. 
zapacitance and +E degradation apparently do not co r re l a t e  c lose ly  

due pr imar i ly  t o  d i f fe rences  i n  s e n s i t i v i t i e s  of various devices t o  

t h e  same s t r e s s .  

Magnitudes of n, junc t ion  

In  n-p-n devices collector-base junc t ion  breakdown voltage tends 

t o  decrease with increases  i n  dose, while t h e  emitter-base junction 

breakdown voltage remains e s s e n t i a l l y  constant. For t h e  p-n-p devices 

tes ted,  t h e  da ta  are not qu i t e  so revealing and no pos i t i ve  statements 

can be made concerning changes i n  breakdown voltage as a func t ion  of 

dose.  

Motorola ZNZZl9A n-p-n t r a n s i s t o r s  with meta l l iza t ion  over t h e  

emitter-base junction were compared with ordinary devices of t h e  same 

type .  Preli-ninary ana lys i s  of the  slope constants (Table 3 )  ind ica ted  

t h a t  t h e  me ta l l i za t ion  w a s  e f f ec t ive  i n  reducing emitter-base channel 

formation. For t h e  spec ia l  devices, values of n were near 2 a t  low 

doses and l e s s  than 2 a f t e r  l a rge  doses, as compared with n values as 

11 
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high as 5 a t  low doses and g rea t e r  than 2 a f t e r  l a r g e  doses f o r  most 

of t h e  standard devices.  Changes i n  C were too  s m a l l  t o  measure with 

the  instrumentation ava i lab le , so  convincing corroborat ing evidence 

could not  be provided. The surpr i s ing  f a c t  however,is  

ICBO degradations w e r e  not  s i g n i f i c a n t l y  d i f f e r e n t  between t h e  two 

groups of t r a n s i s t o r s ,  even though l a rge  d i f f e rences  w e r e  observed i n  

channel formation. Also, t he  da ta  for t h e  spec ia l  devices were much 

more cons is ten t  and uniform, while the  data f o r  t h e  standard devices  

were more random with a wider  spread. Additional analyses  of t h e  data 

are required before  f i n a l  conclusions on the  e f f e c t s  of me ta l l i za t ion  

can be made. 

EB 

t h a t  $E and 
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SECTION 3 

FURTRER ACTION REQUIFED 

Attempts w i l l  be made t o  determine t h e  causes of decreased damage 

buildup c h a r a c t e r i s t i c s  i n  those devices i r r a d i a t e d  i n  air  after 

i r r a d i a t i o n  i n  vacuum. 

Fur ther  analyses w i l l  be made t o  c o r r e l a t e  no t iceable  d i f f e rences  

i n  t h e  damage buildup c h a r a c t e r i s t i c s  of both t es t  cycles t o  v e r i f y  

r e p e a t a b i l i t y  of device s u s c e p t i b i l i t y  t o  surface degradation, and 

hence prove t h e  v a l i d i t y  of t h e  X-ray i r r ad ia t ion -h igh  temperature 

recovery t r a n s i s t o r  screening cycle. 

Analysis will l ead  t o  i d e n t i f i c a t i o n  of those devices t h a t  have 

t h e  g r e a t e s t  immunity t o  surface degradation and those device types 

tested t h a t  most r e a d i l y  lend themselves t o  t h e  above mentioned 

screening technique. 

Additional data reduction and ana lys i s  w i l l  be performed t o  re- 

so lve  t h e  apparent c o n f l i c t  regarding the  e f f e c t  of me ta l l i za t ion .  

Slope constants i nd ica t e  t h a t  meta l l iza t ion  g r e a t l y  reduces ckm-?l .  

%E and I a r e  minor. formation; y e t  t he  changes observed i n  
CBO 

14 
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i. I .  

INTRODUCTION 

Surface e f f e c t s  on s i l i c o n  planar b ipo la r  and MOS t r a n s i s t o r s  

induced by ion iz ing  r a d i a t i o n  have been s tudied  by seve ra l  i nves t iga to r s ,  

using as rad ia t ion  sources -C0-60 e lec t rons ,  X-rays ,7-9 gas 

ion bombardment," and even space r ad ia t ion  v i a  o r b i t a l  tes ts . '  

f i rs t  model t o  explain leakage current  and gain changes i n  b ipolar  t r a n -  

sisbrs was proposed by Peck e t  a1 based on s tud ie s  of exposure t o  ion iz -  

ing r a d i a t i o n  s i l i c o n  mesa t r a n s i s t o r s  which were not  Si02 passivated.  

hm and ICBO degradation, according t o  t h i s  model, a r e  due t o  surface 

channels produced by an accumulation of charged ambient gas ions on the  

device surface.  These gas ions are a t t r a c t e d  t o  the  t r a n s i s t o r  surfaces  

by e l e c t r i c  f i e l d s  produced when t h e  device i s  e l e c t r i c a l l y  biased. A 

more r ecen t  i nves t iga t ion  

devices ,  suggesting t h a t  a c t u a l  deposi t ion of gas ions on the  oxide 

su r face  does not occur, but  t h a t  ins tead  ions t r a v e l i n g  very c lose  t o  

t h e  su r face  give up t h e i r  charge t o  oxide sur face  " s i t e s . "  

4-6 

The 

of 

modifies t h i s  model f o r  Si02 passivated 

Severa l  i nves t iga t ions  5J677 '9  of ion iz ing  r ad ia t ion  e f f e c t s  on 

MOS s t r u c t u r e s  have shown t h e  exis tence of a second mechanism f o r  sur -  

faes ~.egr%~tiCII?--?I?ier~.t,ion of charged species  i n  t h e  Si02 in su la t ing  

l a y e r  when an e l e c t r i c  f i e l d  i s  appl ied across  the  oxide layer .  E i the r  

of t hese  mechanisms r e s u l t s  i n  an accumulation of space charge over 

s i l i c o n ,  a l t e r i n g  t h e  sur face  p o t e n t i a l  of t h e  semiconductor. This 

change i n  s i l i c o n  surface proper t ies  i s  usua l ly  r e f l e c t e d  by enhance- 

ment, deple t ion  o r  inversion of surfaces ,  changes i n  surface' recombination 

v e l o c i t y ,  and changes i n  p-n junction c h a r a c t e r i s t i c s .  

1 
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Inves t iga tors  hold opposing views as t o  which of t h e  above mechanisms 

dominates f o r  s i l i c o n  planar  b ipolar  t r a n s i s t o r s .  Hughes concludes, 

from Co-60 i r r a d i a t i o n s  of normal and evacuated 2N2!801 p-n-p t r a n -  

s i s t o r s  t h a t  ionizing r ad ia t ion  surface e f f e c t s  occur as a r e s u l t  of 

d r i f t  of mobile space charge i n  the  Si02 l aye r  and not  as a resul t  Of 

condi t ions ex te rna l  t o  the  wafer. Stanley concurs with t h i s  con- 

1 c lus ion .  Hogrefe repor t s  t h a t  normal 2 N l 7 l l  n-p-n planar  t r a n s i s t o r s  

i r r a d i a t e d  i n  the  Van Allen b e l t s  su f f e red  considerable  l o s s  of gain,  

while devices evacuated by p ie rc ing  the  encapsulat ing can suf fered  

almost no gain l o s s  a f t e r  100 days i n  o r b i t  (~10%). 

t h a t  gas ion iza t ion  i s  t h e  cause of these  sur face  e f f e c t s .  

H e  concludes 

The in t en t  of t h e  inves t iga t ion  descr ibed i n  t h i s  paper i s  t o  

study i n  d e t a i l  t h e  ion iz ing  r ad ia t ion  e f f e c t s  produced by X-rays as 

a r ad ia t ion  source on s i l i c o n  planar  b ipo la r  t r a n s i s t o r s  t o  determine 

dominant degradation mechanisms and t h e  condi t ions under which each 

mechanism dominates. The e f f ec t s  of var ious e l e c t r i c a l  bias condi t ions 

during i r r a d i a t i o n  on h m  and ICBO degradation were measured t o  de t e r -  

mine the  r e l a t i v e  amounts of degradation over a wide range of measurement 

condi t ions.  To study the  importance of gas ion iza t ion ,  a n  u l t r ah igh  

vacuum (r.rlO-'Torr) t es t  w a s  performed. 

t u r e  annealing of damage and t h e  time and dose dependence of damage 

buildup. 

Also i nves t iga t ed  were tempera- 

h m  degradation w a s  caused by base reg ion  recombinations near t h e  

surface a t  high measuring currer i ts .and channel cu r ren t  ICH, and by  su r -  

face space charge region recombination-generation cu r ren t  ISRG a t  low 

2 
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measuring currents .  The l a t t e r  two currents  were a l s o  responsible  f o r  

ICBO increases .  

vary with measurement condi t ions,  b ias  during i r r a d i a t i o n ,  and dose. 

The r e s u l t a n t  magnitude and rate of damage buildup w a s  very dependent 

on these  condi t ions.  A r ad ia t ion  screening cycle  w a s  developed, i n  

which temperature annealing i s  used t o  remove a l l  t h e  X-ray induced 

damage, thus enabling i d e n t i f i c a t i o n  of device s e n s i t i v i t i e s  t o  r ad ia -  

t i o n .  Temperature annealing enabled s e r i e s  (or sequent ia l )  t e s t i n g ,  

by which a s i n g l e  device can be t e s t ed  under seve ra l  d i f f e r e n t  bias 

condi t ions by f i rs t  i r r a d i a t i n g  a t  one condition, next annealing t o  

remove the  induced damage and then i r r a d i a t i n g  a t  a second condi t ion.  

The r e l a t i v e  and absolute  magnitudes of IsRG and ICH 

A model is  proposed t o  descr ibe the  mechanisms of oxide space 

charge buildup over t he  s i l i c o n  layer ,  which makes use of both charge 

depos i t ion  on t h e  oxide surface and charge migration i n  the  oxide. 

Charge migration i n  t h e  Si02 l a y e r  under the  inf luence of  junct ion 

f r i n g i n g  f i e lds  explains  the  accumulation of damage i n  devices i r r a d i -  

a t e d  with e l e c t r i c a l  bias conditions t h a t  do not  c r ea t e  s i g n i f i c a n t  

e l e c t r i c  f i e lds  i n  t h e  ambient gas surrounding the  device. A more 

complex proposed model accounts f o r  t he  damage accumulated when a 

device i s  irraaiateci w i i i i  tiit- "uias cend i t im ,  s x h  FIG reverse  biased 

co l lec tor -base  junct ion,  which produces an  e l e c t r i c  f i e l d  i n  t h e  

surrounding ambient. This model, which d i f f e r s  for p-n-p and n-p-n 

devices ,  makes use of charge accumulation on the  Si02 surface due 

t o  ambient gas ions,  charge migration i n  the  oxide l aye r ,  and e l ec t ron  

flow ac ross  the  Si02 -Si i n t e r f a c e .  

3 
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EXPERIMENTAL PROCEDURES 

*i 

Ionizing r ad ia t ion  exposures were accomplished using a lw kvp X-ray 

machine with type 2 ~ 1 6 1 3  (Fa i r ch i ld )  s i l i c o n  planar  n-p-n t r a n s i s t o r s  as 

the  major t e s t  vehic le .  

other  devices including 2N2222 (Fa i r ch i ld ) ,  2N22l9A (Motorola), 2N2222 

(Motorola) which a r e  n-p-n's and 2Nll32 (Texas I n s t  ), 2N2905 (Motorola) 

and 2N3964 (Fairchi ld-Planar  11) which are  p-n-p's. 

energy a r e  used s ince  they produce ion iz ing  r ad ia t ion  surface e f f e c t s  

Cursory t e s t s  were a l s o  performed on seve ra l  

X-rays of t h i s  

without the  displacement type damage a t  l a rge  doses common t o  Co-60 gamma 

i r r a d i a t i o n  and high energy e l ec t ron  bombardment. I r r a d i a t i o n  tests were 

performed a t  the  maximum ava i l ab le  r a t e  of 5 x lo5 R/hr. ICBO,  hFE, VBE, 

CBE and CBc were measured on t e s t  devices before ,  dur icg  and a f te r  i r-  

r a d i a t i o n  a t  a temperature of 3 3 O C ,  which w a s  c lo se ly  cont ro l led  by a 

thermoelectr ic  element. All measurements were performed with the  X-ray  

machine shutdown t o  e l imina te  photocurrent e f f e c t s  and unstable  sur face  

e f f e c t  components due t o  high X-ray r a t e s  t h a t  annea l  out i n  s e v e r a l  

seconds. 

h Damage Component I d e n t i f i c a t i o n  -FE 

Current gain hFE measurements were made with a co l lec tor -base  

voltage of  5.3 vo l t s  over a c o l l e c t o r  cu r ren t  range of 0.4A t o  lOmA,  

using spec ia l ly  constructed instrumentat ion.  Prec ise  high-speed readings 

were possible  w i t h  t h i s  system, because i t  minimized anneal ing of surface 

damage due t o  the  measurement stress. High cu r ren t  (1OmA t o  300mA) hm 

was measured a t  somewhat higher co l lec tor -base  vol tage  due t o  c o l l e c t o r  

r e s i s t ance  e f f ec t s .  These measurements were performed on a B i r t che r  

Model 70 pulsed hFE t e s t e r .  

4 
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Reduction i n  due t o  ionizing rad ia t ion  surface e f f e c t s  i s  

caused by introduct ion of extra base current  components which appear t o  

shunt t h e  base-emitter junction. Two base current  components generated 

by ionizing rad ia t ion  are 

generation current  ISRG 

produced by recombination 

surface space charge region recombination 

and surface channel cur ren t  ICH. 

i n  t h e  base-emitter space charge region of 

I 2  
ISRG is 

majority c a r r i e r s  from the  base and emit ter .  This process takes  place i n  the  

space charge region a t  t h e  SiOz-Si in te r face  where a high concentration 

of energy s t a t e s  exis tsvery close t o  the  middle of t he  S i  energy band. 

The r e s u l t a n t  current  component var ies  w i t h  base-emitter forward voltage 

A more t y p i c a l  range f o r  I i s  from 12 
SRG where (1< n < 2). as exp - 9 'BE 

- nkT 

1.5 t o  2.0. 

Surface channels are formed when t h e  oxide space charge above the  

s i l i c o n  i s  of s u f f i c i e n t  magnitude t o  cause inversion of t he  s i l i c o n  

under t h e  SiO2-Si i n t e r f ace ,  I f  p-material i s  inverted near a p-n 

junct ion,a  channel i s  formed t h a t  appears as an extension of t he  

n-side of the  junct ion over t he  surface of t he  p-side. T h i s  increase 

i n  junct ion a rea  r e s u l t s  i n  an increase i n  junct ion capacitance and an 

increase  i n  both forward ( a f f e c t s  hm)  and reverse ( a f f e c t s  IcBo) current .  

Capacitance changes are depenaent on L i l t .  e X t E i i t  sf tfic zhs,-,n,el; h m e v e r i  

depends t o  a l a rge r  degree on 

It 

*CH t h e  magnitude of cur ren t  component 

t h e  qua l i t y  of the semiconductor surface a t  t h e  S i O 2 S i .  i n t e r f ace .  

has been demonstrated by Fi tzgera ld  e t  a1 l3 t h a t  l a rge  ICH values a r e  

produced only when a combination of a channel and a poor semiconductor 

sur face  e x i s t s .  

5 
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Figure  1 - Gain Degrada t ion  P r o d u c e d  by a R e v e r s e  B iased  
Co l l ec to r -Base  Junct ion  Uuring I r r ad ia t ion  

'BE 
I C H  components a t  t h e  base-emitter junc t ion  a l s o  vary as exp - nkT ' 

Like ISRG, however, t h e i r  exponent ia l  s lope  constant  f2 i s  g rea t e r  than '2. 

Figure 1 i s  a p l o t  of c o l l e c t o r  cur ren t  IC and t y p i c a l  ion iz ing  r a d i a t i o n  

induced excess base cur ren ts  AIB versus VBE. 

by i t s  exponential  behavior a t  low cu r ren t s  as an  ICH component, while 

curve 2 i s  an I 

when studying the  e f f e c t s  of these  components on hFE 

Curve 1 can be i d e n t i f i e d  

component. l/hFE i s  a convenient parameter t o  use SRG 
s ince :  

1 -  'BO + ISRG + ICH - -  

~ F E  I C  
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1 A - = const  x 
h m  

where Im i s  t h e  base cur ren t  before  surface damage. 

l / h m  from t h a t  measured a f t e r  i r r a d i a t i o n  (defined as A l /hm) provides 

a means of assess ing  t h e  e f f e c t  of excess base cur ren ts .  Based on the  

Subtract ing i n i t i a l  

exponential  behavior discussed above f o r  ISRG and ICH components, an 

expression f o r  A l / h m  i s :  

where n i s  t h e  exponential  s lope constant f o r  t he  excess base current  

component. Figure 2 shows seve ra l  p lo t s  of A l /hm vs IC produced by 

X-ray r a d i a t i o n  a t  various b i a s  conditions during i r r a d i a t i o n .  The 

dashed l i n e  on t h i s  p l o t  shows a t y p i c a l  i n i t i a l  l / h m .  The l i n e a r  

por t ions  of t hese  curves a t  low co l l ec to r  cur ren ts  are due t o  IsRG 

components i d e n t i f i e d  by n<2. The hook-shaped region a t  high cur ren t  - 

dep ic t s  a damage component very s i m i l a r  i n  behavior t o  t h e  normal base 

spreading r e s i s t ance  term i n  gain.  

BIAS CONDITIONS DURING IRRADIATION 
V REVERSE BASE - EMITTER BIAS (VEB = 3 V, I = 0) C 

1 
A- 

h~~ 

F i g u r e  2 - Effec t  of Bias and M e a s u r e m e n t  C u r r e n t  on C u r r e n t  
Gain Degrada t ion  

7 
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Determination of n at low measurement currents proved to be a very 

useful tool in identifying dominant damage mechanisms. All hm data 

were reduced by digital computer using a least square error fit to 

equation (2) at collector currents from 0.4A to ImA. 

Series Test Procedure 

A majority of the tests during this investigation were performed 

This pro- with a group of 15 devices, using a series test procedure. 

cedure consisted of irradiating up to 12 devices at a time, followed by 

a 3OO0C, five-hour annealing cycle which returned the device parameters 

to a condition as good as or slightly better than their pre-irradiation 

measurements. 

good repeatability, indicating that the temperature anneal provides 

Irradiating with the same conditions several times showed 

complete recovery to initial conditions. 

of temperature stresses in removing h 

radiation for 2N1613 transistors irradiated with a reverse collector- 

Figure 3 shows the effectiveness 

degradation induced by ionizing FE 

base bias, no bias, and an active bias .* 

~~ ~ 

* The term "active bias" is used several times in this paper to 

denote the normal amplifying mode where the collector base junction 

is reverse-biased and the emitter-base junction is forward-biased. 

"Passive" is also used to denote the "no bias" condition. 

a 
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EXPERIMENTAL RESULTS 

Several  X-ray i r r a d i a t i o n  t e s t s  were performed on 2~1613~ t o  

determine the  r a t e  and magnitude of damage buildup versus exposure t i m e  

using the experimental procedures described above. 

degradation mechanisms were produced by i r r a d i a t i o n ,  including I SRG and 

'CH' 

and h a t  low measurement cur ren ts ,  and a t h i r d  mechanism which produces 

hFE degradation a t  high measurement cu r ren t s .  

Three s i l i c o n  surface 

CBO which a f f e c t  p-n junct ion c h a r a c t e r i s t i c s  causing changes i n  I 

m 

3 
IRRADIATION TIME - min (a = 8 . 3  X 10 R/min) 

Figure  4 - E f f e c t s  of B ias  During Irradiation o n  Low Current h F E  
Damage Buildup - D'zvice 8 

10 



Effec ts  of B i a s  During I r r a d i a t i o n  

The magnitude and r a t e  of buildup of low cur ren t  damage mech- 

anisms proved t o  be s t rongly  dependent on the  e l e c t r i c a l  bias during 

i r r a d i a t i o n ,  

of s eve ra l  bias conditions during i r r a d i a t i o n  on a s i n g l e  2~1613 using 

Figure 4 i s  a p l o t  of l/hm (Ic = 100p.A) f o r  a series t e s t  

t h e  s e r i e s  tes t  procedure and annealing cycle described above. Gain 

degradation w a s  smallest  for a saturated device where both junct ions 

were forward-biased during i r rad ia t ion ,  while t h e  most damage was pro- 

duced when the  co l l ec to r  base junction w a s  reverse-biased and the  emi t te r  

lead w a s  open during i r r ad ia t ion .  

emi t t e r  junct ion property,  on co l l ec to r  base reverse  b i a s  suggests t h a t  

T h i s  s t rong  dependence of %, a base- 

conditions ex te rna l  t o  the  s i l i c o n  wafer a r e  important i n  a damage model. 

For example, t h e  sa tu ra t ed  and ac t ive  runs ind ica t e  t h a t  even though the  

base emitter junct ion w a s  forward-biased a t  lOmA f o r  both conditions,  

t h e  a c t i v e  run with the  reverse-biased co l l ec to r  base junct ion accumu- 

lated th ree  or  more t i m e s  the  damage incurred by the  saturated run. A 

reverse  b i a s  on e i t h e r  junct ion during i r r a d i a t i o n  produced an i n i t i a l  

r ap id  r ise i n  gain damage which tended t o  s a t u r a t e  a t  l a rge  doses, 

while no bias o r  a forward bias produced a gradual ly  r i s i n g  damage 

component which a l s o  had a sa tu ra t ing  tendency. line ul t imate  mgiitu& 

of ga in  damage a t  l a rge  doses f o r  t r a n s i s t o r s  with reverse-biased col-  

l e c t o r  base junct ions w a s  g rea t e r  than t h a t  sus ta ined  by t r a n s i s t o r s  

i r r a d i a t e d  passively,  w i t h  one exception. The ul t imate  damage f o r  some 

devices irradiated a c t i v e l y  (reverse-biased co l l ec to r  base junct ion and 

forward-biased base emitter junction) was l e s s  than t h a t  f o r  passive 

11 
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irradiation. In this case the collector base bias dominated early in the 

damage buildup period, producing a fast early rise in damage; while the 

base-emitter forward bias dominated at large doses, demonstrating the 

attenuating effect that a forward-biased base-emitter junction has on 

damage buildup. 

1 .o 

1 - 
0.1 

hFE 

0.01 

Figu-  

1.94 

v) " 
0 * 

t I I A  I a 
I I 

0 30 min 60 min 90min 120 min 150 min 300 min 6 0 0 m i n  
3 

IRRADIATION TIME - min (6 = 8.3 X 10 R/min) 

e 5 - C u r r e n t  Gain V e r s u s  I r r a d i a t i o n  Time a t  Different  
M e a s u r i n g  C u r r e n t s  - Device  8 
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Ef fee t of Measurement Conditions 

Figure 5 is a plot of l/hm measured at several collector currents 

versus exposure time for the 12-volt collector-base reverse-bias run of 

Figure 4. 

low measuring currents than at high, with XOmA damage building up very 

gradually and lpA gain damage building up almost in a step function 

fashion, with a slight overshoot at very early doses. 

that this rapid buildup of low current damage is accompanied by an n=2.35, 

indicating the existence of a channel current component; while the slope 

at the end of the run is 1.94, indicating an ISRG damage component. 

Junction Capacitance Changes 

The rate and magnitude of damage buildup are much larger at 

It is noteworthy 

Figures 6a, 6b, and 6c are plots of hm and ICm degradation along 

with junction capacitances versus irradiation time f o r  passive, reverse 

collector-base junction, and active biases during irradiation. 

passive run produced no significant changes in capacitances, indicating 

an absence of channels. 

the n gradually increased from l.7learly in the run to 1.92 at the end 

of the run, which is characteristic of ISRG components. The active and 

reverse collector-base runs exhibited large changes in both C and C 

early in the run, accompanied by rapid h damage buiihp Sii2 1 

increases. A channel was apparently formed early in the irradiation, 

The 

Buildup of ICm and ha damage was gradual, and 

CB BE 

CBO m 

producing an n of 2-33 at its peak for the collector-base reverse bias 

run. 

saturated, and C and CBc returned to their pre-irradiation values, 

indicating that the early channel had receded and that the dominant 

damage mechanism was IsRG. 

At later exposures n decreased to less than 2, hm and ICBO damage 

BE 

13 
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Junction capacitance measurements provided an exce l len t  means of 

monitoring t h e  f o m t i o n  and decay of channels on 2N1613s. 

of the  capacitance measurement, however, w a s  not ind ica t ive  of t h e  nag- 

ni tude of IcBo increases ,  gain damage or n, as i s  evident from Figures 

7 and 8. 

Devices 8 and 15. 

change i n  junct ion capacitance, displayed an e a r l y  leakage component 

two orders of magnitude l e s s  than Device 8. 

t h i s  have been reported by Peden e t  al .3 Figure 8 i s  a s i m i l a r  p l o t  

showing the  change i n  base emi t te r  capacitance and n versus exposure 

t i m e  f o r  t he  same two devices,  Again, Device 15 exh ib i t s  a l a rge r  

change i n  junction capacitance during the  e a r l y  buildup period. However, 

Device 8 exhib i t s  t h e  l a r g e r  n, ind ica t ing  t h a t  channel current  is  the  

dominant gain damage component i n  t h i s  device. This type of behavior 

enforces the  theory of F i tzgera ld  and Grove t h a t  channel current  

requi res  t he  simultaneous presence of a surface channel ( inversion 

l aye r )  and "generation si tes .I1 

Vacuum T e s t  

The magnitude 

Figure 7 shows ICm and CCB as a function of exposure t i m e  f o r  

A s  can be seen, Device 15 which exhibi ted a l a r g e r  

ICBO var ia t ions  similar t o  

It i s  d i f f i c u l t  t o  explain the  e f f e c t  of  COlhxtor-base reverse 

b i a s  during i r r a d i a t i o n  on base-emitter proper t ies  wiiiiuut the g a  

mechanism o r ig ina l ly  proposed by Peck e t  

determine the  e f f e c t s  of u l t rah igh  vacuum on t h e  behavior of hm and 

A tes t  w a s  designed t o  

degradation. Eight type 2~1613 t r a n s i s t o r s  with various rad ia t ion  ICEQ 

h i s t o r i e s  were individual ly  evacuated i n  g lass  envelopes as shown i n  

17 
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-8 Figure  9.  The vacuum l e v e l  achieved was about 10 Torr .  The same 

s e r i e s  t e s t  procedure discussed previous ly  w a s  followed t o  i r radiate  

t h e s e  devices wi th  seve ra l  e l e c t r i c a l  b ias  condi t ions  during irradia- 

t i o n .  

n i t rogen  ambient and a vacuum, f o r  devices  wi th  pass ive  o r  forward 

biases during i r r a d i a t i o n .  This  i n d i c a t e s  t h a t  t h e  component i d e n t i -  

f i e d  as I 

Channeling during the e a r l y  buildup w a s  no t  e l iminated by evacuat ion,  

bu t  it was considerably reduced from the magnitudes encountered i n  t h e  

normal ni t rogen ambient. For  a l l  reverse  bias condi t ions  inves t iga t ed  

( a c t i v e ,  

tendency during e a r l y  bui ldup and a l s o  changes i n  junc t ion  capaci tance 

were less i n  vacuum than the normal n i t rogen  ambient. 

No l a r g e  d i f f e rence  i n  damage w a s  observed between t h e  normal 

by n i s  independent of t h e  ambient e x t e r n a l  t o  t h e  wafer. 
SRG 

= 1 2  v o l t s ,  V = 6 v o l t s ,  and V = 3 v o l t s )  channeling 
'CB CB EB 

22 144 

F i g u r e  9 - Ult rah igh  Vacuum F ix tu re  f o r  I r r a d i a t i n g  T r a n s i s t o r s  
18 
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IO* lo5 lo6 lo* 
@ - roentgens 

Versus Dose for Normal and Evacuated 
CBO Figure 10 - l / h F E  and I 

Ambients on Devices 36 and 40 

Figures 10a and 10b show a comparison of t he  ni t rogen and vacuumambi- 

e n i s  foi- -iT 

two devices were se lec ted  from a group of 12 which underwent a screening 

- 12 TJ diiring i r r ad ia t ion  for Devices 36 and 40 .  These " CB 

t e s t  discussed later i n  t h i s  section. Device 36 w a s  an extremely s t a b l e  

device,  t he  bes t  of t he  12 devices tes ted .  Device 40 was very sens i t i ve  

t o  ion iz ing  rad ia t ion ,  exhib i t ing  large leakage and gain degradation and 

high exponential  slope constants.  Figure 10a i s  a p lo t  of gain damage 
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versus exposure time. Both devices exhib i ted  considerable reduct ion i n  

gain damage due t o  evacuation; and i n  both cases  exponent ia l  s lope con- 

s t a n t s  decreased during the  i r r a d i a t i o n  period, i nd ica t ing  recession of 

a channel. 

t i v e  u n i t  exhib i ted  a l a r g e r  improvement due t o  evacuation. 

i n t e r e s t i n g  t o  note t h a t  f o r  Device 36 t h e  n i t rogen  ambient runs become 

asymptotic with the  evacuated runs a t  l a rge  doses, i nd ica t ing  t h a t  only 

Figure 10b i s  a similar p l o t  f o r  ICm, where t h e  more sens i -  

It i s  

the  e a r l y  channel t e r m  i s  reduced by a vacuum. 

Hogrefe reported on an  irradiation-vacuum t e s t  accomplished by 

p ie rc ing  the encapsulating cans of type 2 N l 7 l l t r a n s i s t o r s  aboard an  

experimental payload p r i o r  t o  placing them i n  o r b i t  i n  t he  Van Allen 

B e l t s .  Evacuated and normal devices were i n  space r a d i a t i o n  f o r  100 

days ( N  105R) with a n  a c t i v e  b i a s  of V 

s o l a r  c e l l  degradation t h i s  b i a s  had t o  be removed af ter  100 days, s o  

= l O V ,  IC = 0.5mA. Due t o  CE 

t h a t  t h e  devices were passive during i r r a d i a t i o n  f o r  t he  remainder of 

t he  mission. 

u n i t s  exhibi ted much l e s s  damage than normally encapsulated u n i t s ,  

while a f t e r  s eve ra l  hundred days of pass ive  i r r a d i a t i o n  the  d i f fe rence  

i n  damage between vacuum and gas ambient no longer ex is ted .  

Hogrefe r epor t s  t h a t  during the  f i rs t  100 days evacuated 

1 

These data 

a r e  i n  basic  agreement with those observed f o r  X-rays, where vacuum 

reduced t h e  e a r l y  channel component i n  devices with a reverse  co l l ec to r -  

base but  had l i t t l e  inf luence on devices i r r a d i a t e d  pass ive ly .  

Screening Test 

Based on knowledge gained from t h e  X-ray tes t s ,  a simple screening 

It was designed t o  compare t h e  s u c e p t i b i l i t y  t o  procedure was devised, 

20 
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ion iz ing  r ad ia t ion  of and I f o r  s eve ra l  t r a n s i s t o r s  of t he  same 

type or  of d i f f e r e n t  types.  To evaluate both ISRG and ICH damage com- 

ponents, an i r r a d i a t i o n  t e s t  was chosen, which u t i l i z e d  a reverse-biased 

col lector-base junct ion (12V). 

during e a r l y  damage buildup (~10%) where ICE dominates, and t h e  

second after a l a rge  dose (> 5x1063) where I 

a t  each poin t  cons is ted  of hm, 

cycle w a s  followed by a five-hour,  m O 0 C  annealing per iod t o  r e tu rn  

CBO 

Two data poin ts  were taken, t he  first 

dominates. Data taken 
SRG 

and C This i r r a d i a t i o n  
BE %BO' 'BC 

devices t o  t h e i r  o r i g i n a l  condi t ions.  

To evaluate  t h e  procedure t r a n s i s t o r s  of types 2~1613 (Fa i r ch i ld ) ,  

2N2222 (Fa i rch i ld) ,2KXB (Motorola), 2N22l9A (Motorola), 2N1132 (Texas 

I n s t ) ,  2N2905 (Motorola), and 2N3964 (Fairchi ld-Planar  11) were t e s t e d  

i n  l o t s  of 12 each. Following annealing, t he  devices were again subjected 

t o  t h e  same screening t e s t  t o  determine i f  they would repeat  t h e i r  

o r i g i n a l  behavior. Agreement between t h e  f i r s t  and second t e s t s  w a s  

good f o r  both n-p-n and p-n-p devices, i nd ica t ing  t h a t  r ad ia t ion  

screening followed by temperature annealing i s  very use fu l  i n  s e l e c t i n g  

devices f o r  ion iz ing  r a d i a t i o n  environments. 

All n-p-n types t e s t e d  exhibi ted hm damage behavior similar t o  

SRG t h a t  discussed previously where ICH dominated a t  low doses an6 I 

dominated a t  l a rge  doses. 

behavior.  

channels d id  not  recede a t  la rge  doses. 

A l l  p-n-p types t e s t e d  did not  exh ib i t  t h i s  

%E ICm degradation w a s  similar t o  t h a t  f o r  n-p-n; however, 

Ins tead  damage built up gradual ly ,  

with a l a rge  I 

no tendency t o  decrease a t  doses as high as 3x107R. 

component i n  hm a t  l a rge  doses.  T h i s  component showed CH 

The model discussion 

i n  t h e  following sec t ion  w i l l  attempt t o  explain t h i s  d i f fe rence .  

21 
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This simple procedure enables screening of device types and s e l e c t i o n  

of ind iv idua l  t r a n s i s t o r s  which are l e a s t  suscept ib le  t o  damage by t h e  

ion iz ing  r ad ia t ion  environment t o  be encountered, e i t h e r  low dose 

( <lo%) or high dose (>lo%). 

combined with w e l l  e s t ab l i shed  bulk damage predic t ion  techniques l5 t o  

s e l e c t  devices f o r  environments possessing the  dua l  t h r e a t  of sur face  

and bulk damage, such as space r ad ia t ion ,  space power and propulsion 

r eac to r s ,  and nuclear weapons. 

Ionizing r ad ia t ion  screening can be 

DAMAGE MODEL D I S C U S S I O N  

The oxide space charge buildup mechanisms discussed i n  the  

introduct ion have two c h a r a c t e r i s t i c s  i n  common. Both involve mobile 

charge c a r r i e r s ,  and both requi re  t h e  presence of an  e l e c t r i c  f i e l d  

e i t h e r  i n  the surrounding ambient o r  i n  t h e  Si02 l aye r .  

discussion of t he  model considers  two ca tegor ies  of b i a s  condi t ions:  

one during i r r a d i a t i o n  with passive or  forward-biased junc t ions ,  where 

no e l e c t r i c  f i e l d s  are produced i n  the  gas ambient; and the  second with 

a reverse  b ias  on a t  l e a s t  one of t h e  device junc t ions ,  which produces 

s i g n i f i c a n t  e l e c t r i c  f i e l d s  i n  the  gas ambient. 

The following 

I n  the  f i r s t  case,  where both junct ions are e i t h e r  pass ive  or 

forward-biased, gas ion c o l l e c t i o n  on t h e  oxide sur face  i s  unl ike ly  

s ince  t h e  ambient has no s i g n i f i c a n t  e l e c t r i c  f i e l d .  Charge migration 

can take  place,  however, i n  t h e  Si02 l aye r  d i r e c t l y  over a junc t ion ,  

due t o  t h e  f r ing ing  f i e l d  produced by t h e  junc t ion  t r a n s i t i o n  region 

p o t e n t i a l .  

charges migrate l a t e r a l l y  i n  the  oxide toward t h e  p s i d e  of t h e  junc t ion ,  

The p o l a r i t y  of t h i s  p o t e n t i a l  i s  such t h a t  p o s i t i v e  mobile 



and negative charges toward the  n s ide.  This type of space charge 

buildup reduces the  s i l i c o n  surface po ten t i a l  near t he  junct ion,  which 

causes the  junct ion t r a n s i t i o n  region t o  widen a t  t h e  SiO2-Si i n t e r f ace  

and t h e  surface recombination veloci ty  t o  increase.  The increases  i n  

junct ion geometry and surface recombination ve loc i ty  enhance t h e  ISRG 

component. 

region surface recombination ve loc i ty  and by t h e  g rea t e r  l ike l ihood of 

i n j e c t i o n  near t h e  surface.  The oxide charge migration and r e su l t an t  

The high current  hm component is  a l s o  enhanced by the  base 

16 

junct ion widening reduce the  junction f r ing ing  f i e l d s ,  which decelerates  

t h e  process,  eventually producing a sa tura t ion  condition. I r r ad ia t ion  

tests of passive and forward bias n-p-n devices ind ica te  t h a t  t h i s  

process occurs slowly and does i n  f a c t  produce damage c h a r a c t e r i s t i c  of 

. Forward bias junctions produce l e s s  damage than passive,  as would ISRG 

be expected, s ince  t h e  forward bias reduces t h e  junct ion t r a n s i t i o n  region 

vol tage,  which i n  tu rn  reduces the  fr inging f i e l d  i n  the  oxide. 

n-p-n t r a n s i s t o r s  i r r a d i a t e d  with a reverse bias on the  co l l ec to r -  

base junct ion developan IC, component i n  base current  which increases  

r ap id ly  during e a r l y  r ad ia t ion  exposure, accompanied by an increase i n  

CBE and an n i n  excess of 2. 

i s  t o o  far from t h e  base emi t te r  junction t o  exe r t  a s t rong infiuerlce, 

Since the  collector-base f r ing ing  f i e l d  

t h e  gas ion model i s  included i n  a n  explanation of t h i s  behavior. 

Figure 11 depicts  the  model t o  be discussed. 

A reverse  col lector-base bias produces an e l e c t r i c  f i e l d  i n  the  gas 

surrounding the  device wafer. For n-p-n's t h i s  f i e l d  a t t r a c t s  pos i t i ve ly  

charged gas ions t o  the  Si02 surface over the  base region (See Figure l l a ) ,  
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and t h e  ions give up t h e i r  pos i t i ve  charge t o  Si02 surface " s i t e s "  by 

a t t r a c t i n g  e lec t rons  from these sites." (See Figure l l b ) .  This 

pos i t i ve  space charge over t he  base region surface can account f o r  t h e  

s e n s i t i v i t y  of damage t o  collector-base b i a s  and, i f  t h e  space charge 

dens i ty  i s  g rea t  enough, explain t h e  creat ion of an  inversion layer  or 

channel over t h e  base region. 

oxide thickness  of from 4000 1 t o  6000 2, and t h e  base surface c a r r i e r  

The Fa i rch i ld  2N1613 has a base region 

concentration ranges from 2 ~ 1 O ~ ~ c m - 3  t o  5~10~~c111-3 .  The p o t e n t i a l  

requi red  across  t h e  oxide a t  t h e  onset of inversion f o r  t he  above 

dimensions ranges from 22 vo l t s  t o  54 volts.13 

charging t h e  Si02 surface can be no grea te r  than the  voltage appl ied a t  

t h e  col lector-base junction. Since V = 6~ produced s i g n i f i c a n t  

channels,charge migration i n  the  oxide m u s t  be included. 

The voltage due t o  gas 

CB 

Mobile charge species  c rea ted  by ionizing r ad ia t ion  i n  the  oxide 

w i l l  migrate under the  influence of the e l e c t r i c  f i e l d  t h a t  i s  c rea ted  

across  the  oxide by t h e  accumulated Si02 surface charge discussed above. 

The migrating charge species  may be pos i t i ve ly  charged o r  negat ively 

charged or  both; however, t he  ne t  e f f ec t  of e i t h e r  is  t h e  same f o r  t he  

t r a n s i s t o r  base region. E i the r  pos i t ive  or negative charge migration 

produces a pos i t i ve  space charge drift  toward tne  Si02-S'L I n t c r f x e  

(See Figure I l C ) ,  which r e s u l t s  i n  an increased e l e c t r i c  f i e l d  i n  the  

oxide near t h e  in t e r f ace  and inversion of t h e  p-type base region beneath 

t h e  i n t e r f a c e  (See Figure l l d ) .  

expla in  the  observed behavior of n-p-n devices s ince  it provides no 

means of removing t h e  channel a t  large doses. Photoemission of e lec t rons  

T h i s  space charge buildup model cannot 
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17, 18 from s i l i c o n  across  t h e  SiOz-Si i n t e r f ace ,  as discussed by Williams, 

expla ins  the  el iminat ion of base region channels from n-p-n t r a n s i s t o r s  

a t  l a r g e  doses. 

f o r  a p-type surface and 3.05 e V  f o r  an n-type surface--energies e a s i l y  

achieved with t h e  ion iz ing  r ad ia t ion  sources of i n t e r e s t .  

emit ted from the  s i l i c o n  i n t o  t h e  SiOz a r e  trapped near  t he  i n t e r f a c e ,  

causing a n e t  reduction i n  t h e  p o s i t i v e  space charge over t he  i n t e r f a c e  

(See Figure l l e ) .  

t h e  Si02-Si i n t e r f a c e .  

space charge over t he  i n t e r f a c e  enhances t h e  p r o b a b i l i t y  of photoemission 

i n t o  the  oxide, while a negative space charge e l imina tes  photoemission. 

For n-p-n t r a n s i s t o r s  with reverse  biased col lector-base junc t ions  during 

i r r a d i a t i o n ,  t h e  ne t  pos i t i ve  oxide space charge d r i f t  t o  t he  i n t e r f a c e  

over t he  p-type base region enhances the  p r o b a b i l i t y  of photoemission 

i n t o  the  oxide. A t  some po in t ,  t h e  ne t  p o s i t i v e  charge d r i f t  t o  t h e  

i n t e r f a c e  equals the  n e t  flow of photoemitted e l ec t rons  t o  the  i n t e r f a c e .  

A s  photoemission continues,  the  p o s i t i v e  space charge decreases,  which 

i n  t u r n  reduces t h e  i n t e r f a c e  e l e c t r i c  f i e l d  and the  channel. Eventu- 

a l l y  the  space charge decreases  t o  a po in t  where the  channel disappears  

(See Figure l l f )  and photoemission e i t h e r  ceases  or cont inues a t  a low 

rate t o  replenish e l ec t rons  d r i f t i n g  toward t h e  oxide sur face .  

The e l ec t ron  threshold energy f o r  photoemission i s  4.22 e V  

Elec t rons  

Photoemission i s  dependent on the  e l e c t r i c  f i e l d  a t  

The e l e c t r i c  f i e l d  produced by p o s i t i v e  oxide 

A model similar t o  t h a t  presented above can be proposed f o r  p-n-p 

t r a n s i s t o r s  with reverse  biased co l lec tor -base  junc t ions  dur ing  i r r a d i a t i o n .  

26 



I -  
RESEARCH LABORATORIES DIVISION 

I n  t h i s  case, negative charge deposited on t h e  o d d e  surface from t h e  

ionized gas causes a n e t  negative space charge d r i f t  t o  t he  i n t e r f a c e  

over t he  n-type base region. With the negative space charge, photo- 

emitted e l ec t rons  a r e  r e j ec t ed  from the oxide. Any e l ec t rons  t h a t  are 

trapped i n  t h e  oxide increase the  negative space charge, increas ing  

the  channel. Thus it i s  not  surpr i s ing  t h a t  the  p-n-p t r a n s i s t o r s  

discussed earlier did not  recover from the  channeling a t  l a r g e  doses.  

I n  both n-p-n and p-n-p devices a col lector-base channel b u i l t  up 

This channel was CBO ' e a r l y  and decayed a t  l a r g e r  doses, a f f ec t ing  I 

de tec ted  by CCB measurements. Very sens i t i ve  p-n-p devices exhibited 

a c h a r a c t e r i s t i c  e a r l y  peak i n  I similar t o  t h a t  shown i n  Figure 7 

f o r  Device 8, an n-p-n. 

CBO 
The early increase i n  I f o r  n-p-n's and 

G30 

p-n-p's i s  apparent ly  due t o  a channel from inversion of t he  p-side 

of t h e  col lector-base junction. This channel recedes a t  l a r g e  doses 

due t o  photoemission of e l ec t rons  across  the  in t e r f ace ,  as discussed 

i n  t h e  %E model above. 

e i t h e r  channel cur ren t  from inversion of the  n-side of t h e  junct ion o r  

I 

The remaining I damage a t  l a rge  doses i s  CBO 

from f r ing ing  f i e l d  e f f e c t s  similar t o  those discussed f o r  passive 
SRG 

and forward biased junct ions.  
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CONCLUSIONS 

An inves t iga t ion  has been made of t he  e f f ec t s  of ion iz ing  r ad ia t ion  

on t r a n s i s t o r  IcBo and h 

during i r r a d i a t i o n  as var iab les .  

t h a t  a f f e c t  IcBo and hFE a t  low l e v e l s :  surface channel cur ren t  and 

surface space charge region recombination-generation cur ren t .  

explain var ia t ions  i n  both hm and ICBO for both n-p-n and p-n-p t r an -  

s i s t o r s ,  a model has been proposed which includes the  e f f e c t s  of bias 

with measuring conditions and e l e c t r i c a l  b i a s  

Two cur ren t  components were i d e n t i f i e d  

m 

To 

during i r r a d i a t i o n .  

was devised cons is t ing  of an i r r a d i a t i o n  screening t e s t  followed by 

Based on t e s t  r e s u l t s  and the  model, a procedure 

temperature annealing, which enables s e l e c t i o n  of t r a n s i s t o r  types 

and ind iv idua l  t r a n s i s t o r s  which are least  s e n s i t i v e  t o  ion iz ing  

r ad ia t ion .  
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